In vivo experiments have highlighted the importance of understanding hemodynamic forces, i.e., shear stress and pressure, in vertebrate cardiogenesis. In particular, the formation of the cardiac trabeculae is governed by a delicate interaction between hemodynamic forces, myocardial activity, and epigenetic signaling mechanisms, which are coupled with genetic regulatory networks. The fluid dynamics at the stage of development in which the trabeculae form is particularly complex, given the balance between inertial and viscous forces. Vortices, which cause changes in the magnitude and direction of flow, are sensitive to small perturbations in scale, morphology, and unsteadiness of the flow. The immersed boundary method was used to solve the fluid-structure interaction problem of fluid flow moving through an idealized chamber with trabeculae. Trabeculae heights were varied, and simulations were conducted for Reynolds numbers (Re) ranging from 0.01 to 100. Using either steady or pulsatile parabolic inflow conditions, both intracardial and intertrabecular vortices formed for biologically relevant parameter values. The bifurcation from smooth streaming flow to vortical flow depends upon the pulsation frequency, trabeculae geometry, and Re. Vorticity can be important in inducing shear stress at the endothelial layer and mixing within the developing chambers, which is believed to aid in chamber morphogenesis, valvulogenesis, and the formation of the trabeculae themselves.
Introduction
Hemodynamic forces help regulate and drive organogenesis in developing embryos [24] . Forces such as shear stress and pressure may be key components that activate developmental regulatory networks [32] . These mechanical forces act on the cardiac cells, where the mechanical stimuli is then transmitted to the interior of the cell via intracellular signalling pathways, i.e., mechanotransduction. The notion that mechanical forces are essential for proper vertebrate cardiogenesis is not a recent idea. It was first investigated by Chapman in 1918 when chicken hearts were surgically dissected during embryogenesis, and their resulting circulatory system did not develop properly [6] . Moreover, the absence of erythrocytes when the embryonic heart begins beating and continues to grow supports the belief that the early developing heart does not pump for nutrient transport. This suggests that the function of the embryonic heart is to aid in its own growth as well as that of the circulatory system [5] .
By obstructing flow in the venous inflow tract of developing hearts in vivo, experiments have illustrated the importance of regular hemodynamics in proper morphogenesis [15, 17, 36] . Gruber et al. [15] found that irregular blood flow can lead to hypoplastic left heart syndrome (HLHS), where the ventricle is too small or absent during the remainder of cardiogenesis. Hove et al. [17] observed that when inflow and outflow tracts are obstructed in 37 hpf zebrafish, peristaltic myocardial contractions continue to persist and neither valvulogenesis, cardiac looping, nor chamber ballooning occur. Similarly, de-Vos et al. [36] performed a similar experiment in HH-stage 17 chicken embryos whereby the venous inflow tract was obstructed temporarily. They noticed that all hemodynamic parameters decreased initially, i.e., heart rate, peak systolic velocity, time-averaged velocity, peak and mean volumetric flow, and stroke volume. However, only heart rate, time-averaged velocity, and mean volumetric flow recovered near baseline levels.
Trabeculae are particularly sensitive to changes in intracardiac hemodynamic shear stress [12] . Moreover, cardiac contraction is required for trabeculation to occur [28] . Trabeculae are bundles of muscle that protrude from the interior walls of the ventricles of the heart. The sensitivity of the trabeulae under varying mechanical loads is important when considering they may serve as important structures in which cellular mechanotransduction occurs, to help govern cardiogenetic processes. Trabeculation may also help regulate and distribute shear stress over the ventricular endocardium and enhance mixing. Furthermore, the presence of trabeculation may contribute to a more uniform transmural stress distribution over the cardiac wall [22] . Even subtle trabeculation defects spawning from slight modifications in hemodynamics may magnify over time. As the mechanical force distribution changes due to the absence of normal trabeculae, Neuregulin signalling, along with other genetic signals, are disrupted, leading to further deviations from healthy cardiogenesis. For example, zebrafish embryos that are deficient in the key Neuregulin co-receptor ErbB2 display severe cardiovascular defects including bradycardia, decreased fractional shortening, and impaired cardiac conduction [20] . Disrupted shear distributions in the ventricle leads to immature myocardial activation patterns, which perpetuate ventricular conduction and contractile deficiencies, i.e., arrhythmia, abnormal fractional shortening, and possibly ventricular fibrillation [27] .
The fluid dynamics of heart development, particularly at the stage when the trabeculae form, is complex due to the balance of inertial and viscous forces. The Reynolds number, Re is a dimensionless number that describes the ratio of inertial to viscous forces in the fluid and is given as Re = (ρU L)/µ, where µ is the viscosity of the blood, ρ is the density of the blood, U is the characteristic velocity (often chosen as the average or peak flow rate), and L is the characteristic length (often chosen as the diameter of the chamber or vessel). During critical developmental stages such as cardiac looping and the formation of the trabeculae, Re ≈ 1. In this regime, a number of fluid dynamic transitions can occur, such as the onset of vortical flow and changes in flow direction, that depend upon the morphology, size of the chambers, and effective viscosity of the blood. The flow is also unsteady, and the elastic walls of the heart undergo large deformations.
Since analytical solutions are not readily available, recent work has used computational fluid dynamics to resolve the flow in the embryonic heart. For example, DeGroff et al. [9] reconstructed the three-dimensional surface of a human heart embryo using a sequence of two-dimensional cross-sectional images at stages 10 and 11. The cardiac wall was fixed, and steady and pulsatile flows were driven through the chambers. They found streaming flows (particles released on one side of the lumen did not cross over or mix with particles released from the opposite side) without coherent vortex structures. Liu et al. [21] simulated flow through a three-dimensional model of a chick embryonic heart during stage HH21 (after about 3.5 days of incubation) at a maximum Re of about 6.9. They found that vortices formed during the ejection phase near the inner curvature of the outflow tract. More recently, Lee et al. [19] performed 2D simulations of the developing zebrafish heart with moving cardiac walls. They found unsteady vortices develop during atrial relaxation at 20-30 hpf and in both the atrium and ventricle at 110-120 hfp. Goenezen et al. [11] used subjectspecific computational fluid dynamics (CFD) to model flow through a model of the chick embryonic heart outflow tract.
The numerical work described above, in addition to direct in vivo measurements of blood flow in the embryonic heart [17, 35] , further supports that the presence of vortices is sensitive to changes in Re, morphology, and unsteadiness of the flow. Santhanakrishnan et al. [31] used a combination of CFD and flow visualization in dynamically scaled physical models to describe the fluid dynamic transitions that occur as the chambers balloon, the endocardial cushions grow, and the overall scale of the heart increases. They found that the formation of intracardial vortices depends upon the height of the endocardial cushions, the depth of the chambers, and the Re. Their paper only consider steady flows in an idealized two-dimensional chamber geometry with smooth, stationary walls.
In this paper, we expand upon the work of Santhanakrishnan et al. by considering both pulsatile flows and the addition of trabeculae in a 2D idealized ventricle. We use the immersed boundary method to solve the fluid structure interaction problem of flow through a rigid ventricular cavity. Because the goal of this paper is to map out the bifurcations in flow structure that occur as a result of unsteadiness of the flow, trabeculae height, and Re, we restrict the work to this idealized model of the ventricle. Even with these simplifications, we find a variety of interesting bifurcations in flow structures that occur over a biologically relevant morphospace. 
Methods

Model Geometry
A simplified two dimensional geometry of a 96 hpf zebrafish ventricle, which contains trabeculae, was constructed using Figure 1a . The ventricle was idealized as a half ellipse, with semi-major axis a V and semi-minor axis b V . It is tangentially laid within a channel, which emulates a cavity-flow geometry. The channel models the atrioventricular canal (AV canal), with width w AV , which is modeled as equal to the sinus venosus (SV) width, w SV . Six equally-spaced trabeculae were aligned within the ventricle. The model geometry is illustrated in Figure 1c .
The trabeculae geometry was modeled using the following perturbed Gaussian-like function,
where r T and h T are the radii and height of each trabecula, respectively. The full geometry can be seen in Figure(1 ). This geometry is used for both the physical and numerical models of the ventricle. The geometric model parameters are found in Table( 1), which were scaled from measurements from Figure(1a). The parameters describing the ventricle were held constant and are given as the chamber height, b V , chamber width, a V , and width of the AV canal and SV, w AV and w SV respectively. Note that the radii of the trabeculae, r T , was also constant in all numerical simulations, while the height of the trabeculae, h T , was varied.
Numerical Method
The immersed boundary method [26] was used to solve for the flow velocities within the geometric model from Section 2.1. The immersed boundary method has been successfully used to study the fluid dynamics of a variety of biological problems in the intermediate Reynolds number range, defined here as 0.01 < Re < 1000 (see, for example, [18, 16, 4, 34] ). The model consists of stiff boundaries that are immersed within an incompressible fluid Figure 1 : 1a is a snapshot of an embryonic zebrafish's ventricle at 96 hpf right using spinning disk confocal microscopy. The snapshot was taken right before its systolic phase. The protrusions into the ventriclular chamber are trabeculation. Image from Tg(cmlc2:dsRed)s879; Tg(flk1:mcherry)s843 embryos expressing fluorescent proteins that label the myocardium and endocardium, respectively [20] . Figure 1b illustrates the idea for our computational model geometry found in Figure 1c , that is, blood flows from the atrio-ventricular canal into the ventricle and then proceeds into the bulbus arteriosus. The computational model geometry is a flattened out rendition of 1b. The following geometric parameters, a V and b V , the semi-major and semi-minor axis of the elliptical chamber, h T and r T , the height and radii of the trabeculae, and w AV and w SV , the widths of the AV canal and sinus venosus respectively. of dynamic viscosity, µ, and density, ρ. The fluid motion is described using the full 2D Navier-Stokes equations in Eulerian form, given a ρ ∂u(x, t) ∂t
where u(x, t) = (u(x, t), v(x, t)) is the fluid velocity, p(x, t) is the pressure, F(x, t) is the force per unit volume (area in 2D) applied to the fluid by the immersed boundary, i.e., the ventricle geometry. The independent variables are the position, x = (x, y), and time, t. Eq. (2) is equivalent to the conservation of momentum for a fluid, while Eq. (3) is a condition mandating that the fluid is incompressible.
The interaction equations between the fluid and the immersed structure are given by
where X(r, t) gives the Cartesian coordinates at time t of the material point labeled by Lagrangian parameter r, f (r, t) is the force per unit area imposed onto the fluid by elastic deformations in the boundary, as a function of the Lagrangian position, r, and time, t. Eq.(4) applies a force from the immersed boundary to the fluid grid through a delta-kernel integral transformation. Eq.(5) sets the velocity of the boundary equal to the local fluid velocity. The force equations are specific to the application. In a simple case where a preferred motion or position is enforced, boundary points are tethered to target points via springs. The equation describing the force applied to the fluid by the boundary in Lagrangian coordinates is given by f (r, t) and is explicitly written as,
where k target is the stiffness coefficient, and Y(r, t) is the prescribed Lagrangian position of the target structure. In all simulations the immersed structure was held nearly rigid by applying a force proportional to the distance between the location of the actual boundary and the preferred position. The deviation between the actual and preferred positions can be controlled with the variable k target .
The fluid flow is driven through the immersed boundary using either pulsatile parabolic inflows or a linear ramp to steady parabolic inflow at the location of the AV canal. The equations describing the specific inflow boundary conditions are given in Table(??) . A partial Neumann outflow condition is enforced in the direction of flow at the outlet. This outflow condition is given as
Case Inflow BC Steady Inflow Table 2 : Inflow boundary conditions for both simulations, one pertaining to parabolic steady inflow and the other corresponding to a parabolic pulsatile inflow. The parameters used for the boundary conditions are f , the non-dimensional frequency, which is matched to the zebrafish heart at 96 hpf , and V in , the maximum inflow velocity.
where u and v are the x− and y−components of the fluid velocity, respectively, and ∂u ∂n is the directional derivative of the x−component of the velocity taken in the direction normal to the boundary of the fluid domain.
To determine the Re within the ventricle of a 4 dpf wild type zebrafish, the characteristic velocity, V zf was taken as the average of the minimum and maximum velocity measured in vivo, and the characteristic length, L zf , was taken along a diagonal within the ventricle from Figure(1a) . The Re was then calculated as
where V zf = 0.75 cm/s [17] , ρ zf = 1025 kg/m 3 [30] , µ zf = 0.0015 kg/(ms) [23] , and L zf = 208 µm. The characteristic frequency was chosen as f = 3.95 beats/s [22] . The dimensionless frequency may then be calculated as
For the mathematical model, the parameters values were chosen to keep the dimensionless frequency fixed at 0.10 for the pulsatile simulations. The Re was varied by changing the kinematic viscosity, ν = µ/ρ. The computational parameters are found in Table( 2). For the simulations, the Re sim is calculated using a characteristic length of w AV and a characteristic velocity set to V in (steady inflow) or 1 2 V in (pulsatile inflow). The simulations were performed for Re sim = 0.01, 0.05, 0.1, 0.5, 1, 5, 10, 20, 30, 40, 50, 100. The stiffness of the target tethering points were chosen the minimize the deformations of the boundary, i.e, to keep it rigid, and was directly correlated to Re.
We used an adaptive and parallelized version of the immersed boundary method, IBAMR [13, 14] . IBAMR is a C++ framework that provides discretization and solver infrastructure for partial differential equations on block-structured locally refined Eulerian grids [3, 2] and on Lagrangian (structural) meshes. IBAMR also includes infrastructure for coupling Eulerian and Lagrangian representations.
The Eulerian grid on which the NavierStokes equations were solved was locally refined near the immersed boundaries and regions of vorticity with a threshold of |ω| > 0.05. This Cartesian grid was organized as a hierarchy of four nested grid levels, and the finest grid was assigned a spatial step size of dx = D/1024, where D is the length of the domain. The ratio of the spatial step size on each grid relative to the next coarsest grid was 1:4. The temporal resolution was varied to ensure stability. Each Lagrangian point of the immersed structure was chosen to be D 2048 apart (twice the resolution of the finest fluid grid). T
Results
In this paper, we present the bulk flow structure over an idealized 2D model of a trabeculated ventricle for the cases of both steady and unsteady flow. The Re is varied from 0.01 to 100, and the trabecular heights are varied from zero to twice the biologically relevant case. Streamlines are used to show the direction of flow. The streamline graphs were generated using VisIt visualization software [8] . When interpreting streamlines, please note that a neutrally buoyant, small particle in the fluid will follow the streamline. The streamlines are drawn by making a contour map of the stream function, since the stream function is constant along the streamline. The stream function, ψ(x, t), in 2-D is defined by the following equations:
The streamline colors correspond to smooth, streaming flow (blue) and vortical flow (orange). Figure 2 shows the flow field streamlines for the case of steady flow through an idealized trabeculated embryonic ventricle. The numerical simulations span five orders of magnitude of Re, varying from 0.01 to 100, while trabeculae heights were set to 0 ≤ h T b V ≤ 0.16. Note that the biologically relevant case is
Steady Flow through Trabeculated Chambers
In the case of no trabeculae (left column), we find vortex formation only occurs for Re ≥ 15, in agreement with the findings of [31] . For Re ≤ 10, the flow bends around the cavity and no flow separation occurs. As Re is increased to 20, flow reversal occurs and a closed vortex is present along the left side of the cavity. The stagnation point is located between the orange and blue streamlines. To the left of this stagnation point, the flow moves along the endocardium from the right to left. To the right of the stagnation point, the flow moves right to left. As Re is further increased, the stagnation point moves to the right, and the intracardial vortex becomes larger until it becomes as large as the cavity itself for Re = O(100).
When half-size biologically relevant trabeculae are introduced into the model ( however, it is also seen to weave along regions with trabeculae. Furthermore there is an emergence of an independent closed vortex along the right side between two trabeculae. For Re ≥ 50, we find the presence of one large intracardial vortex wrapping around each trabeculae.
For biologically relevant trabeculae heights, there are closed intertrabecular vortices for Re as low as 0.01, while no intracardial vortices are present at these lower Re. Interestingly, not all intertrabecular regions have closed vortices. As Re is further increased from Re = 5 to Re = 10, the intertrabecular vortices grow in size. As in previous cases, a larger intracardial vortex forms at Re = 20. On the left hand side of the cavity, there is smooth flow from left to right around the trabeculae. On the right side of the cavity, independent closed vortices form between the trabeculae, and the flow is from right to left. For Re ≥ 50, a large intracardial vortex forms and no intertrabecular vortices persist.
For trabeculae heights higher than the biologically relevant range, there exist intertrabecular vortices for Re as low as Re = 0.01; however, compared to the previous biologically relevant case, there are vortices between every adjacent pair of trabeculae. Moreover, because the trabeculae extend further into the ventricular cavity, these vortices are larger than in previous cases. Intracardial vortices do not develop until Re ≥ 20, where there is the presence of one large intracardial vortex on the left side of the cavity. When Re = 20 and = 0.16, the intracardial vortex extends over the left five trabeculae, with an intertrabecular vortex only in last valley between trabeculae on the right side. For Re ≥ 50, there is the formation of a large intracardial vortex extending throughout the cavity. However, both the trabeculae heights and Re are large enough that this vortex does not wrap around each trabeculae, and intertrabecular vortices are able to form.
Pulsatile Flow through Trabeculated Chambers
In the second set of simulations, the flow was pulsed through the idealized chambers at a dimensionless frequency close to that reported for a 96 hpf embryonic zebrafish (f = 1.0). The Re was set to 0.1, 1.0, 10 and 100. The dimensionless trabecular heights,
were varied from 0.0 to 0.16. Recall that the biologically relevant Re is about one, and the biologically relevant dimensionless trabecular height is about 0.08. Snapshots of the streamlines showing the flow patterns are given for each simulation for either 9 or 10 time points during the pulse. Figures 3 and 4 show streamline plots taken at 9 snapshots in time for lower Re cases, Re = 0.1, 1.0, respectively. The streamlines are shown for 5%, 10%, 20%, 40%, 50%, 80%, 90%, 95%, and 100% of the pulse. Finer increments in time are given towards the beginning and end of the pulse to illustrate the rapidly changing dynamics. The Re = 0.1, 1.0 cases show similar results. For the majority of the pulse, the flow moves smoothly from left to right within the ventricle. In between the trabeculae, vortices form during most of the pulse if the dimensionless trabecular height is at least 0.08. The development of these vortices causes the flow near the endothelial cells to move from right to left between the trabeculae and from left to right on the top of the trabeculae. In most cases, transient vortices form as Figure 5 shows streamline plots for Re = 10 at ten evenly spaced times during a pulse. Intertrabecular vortices form during the first half of the pulse if the dimensionless trabecular height is at least 0.04. For all geometries, intracardial vortices form during the last half of the pulse. The formation of the intracardial vortex annihilates the intertrabecular vortices, at least initially. The intracardial vortices form on the upstream side of the chamber, and grow to fill the entire chamber by the end of the pulse. The intertrabecular vortices form again towards the end of the pulse for h T b V = 0.12, 0.16. Note that the presence of the intracardial vortex causes the intertrabecular vortices to change direction so that they spin clockwise (and the intracardial vortices spin counterclockwise).
The results of the inertial dominated case, Re = 100, are shown in Figure 6 . In all cases, a large intracardial vortex that fills the entire chamber is observed at the end of the pulse and beginning of the next pulse. As the flow accelerates, the intracardial vortex is pushed downstream, and another intracardial vortex begins to form (t = 0.4T − 0.5T ). One or more oppositely spinning vortices form between the trabeculae or between the two counterclockwise spinning intracardial vortices when t = 0.5T . The upstream intracardial vortex combines with the original intracardial vortex such that one large intracardial vortex is observed around t = 0.7T . When this occurs, the oppositely spinning vortices are annihilated. For 
Conclusions
Two-dimensional immersed boundary simulations were used to solve for the flow fields within an idealized model of a trabeculated ventricle of the zebrafish embryonic heart. Our results show that a large intracardial vortex forms around Re ≈ 20 when steady flow is pushed through the chamber. When the flow is pulsatile, the intracardial vortex begins to form around Re ≈ 10. In general, pulsatile flow lowers the Re and trabeculae height needed to generate vortices. For both steady and unsteady flows as the trabeculae grow into the chamber, another bifurcation occurs in which small vortices form between each trabecula. Depending upon the Re and the morphology, the intertrabecular vortices can form without the presence of a large intracardial vortex. In other cases, typically at higher Re, both the intracardial and intertrabecular vortices form. The presence of intracardial vortices changes the direction of the intertrabecular vortices.
This work focused specifically on the presence or absence of vortices given their significance to both the magnitude and direction of flow as well as the mixing patterns within the ventricle. When an intracardial vortex forms, the direction of the flow changes. When an intracardial vortex forms in unsteady flow, the direction of flow can change during the beat cycle, and the stagnation point moves along the cardiac wall. Since endothelial cells are known to sense and respond to changes in both magnitude and direction of flow, the formation and motion of these vortices could be an important epigenetic signal. The simulations revealed unexpected complexities in vortex dynamics as bulk flow moves from left to right through the chamber. When an intracardial vortex forms in absence of intertrabecular vortices, the flow at the endocardial wall moves from right to left. When the intertrabecular vortices form in absence of an intracardial vortex, the flow again moves from right to left. When both intertrabecular and intracardial vortices form, the flow moves from left to right since the intertrabecular and intracardial vortices spin in opposite directions. We also observe cases where not all intertrabecular spaces have a vortex. In such cases, the flow between different trabeculae will move in different directions.
Importantly, this idealized study demonstrates that small changes in viscosity, scale, morphology, and contraction dynamics can substantially influence bulk flow properties in the embryonic heart. This presents an interesting challenge since each of these parameters is continuously changing during growth. In addition, estimating the effective viscosity of the embryonic blood is nontrivial. Given the sensitivity of the flow to such small perturbations, it is necessary to use well resolved numerical grids that are experimentally validated.
Furthermore, it is evident that there is a strongly coupled relationship between intracardial hemodynamics, genetic regulatory networks, and cardiac conduction. Besides contractions of the myocardial cells, which in turn drive blood flow, hemodynamics are directly involved in proper pacemaker and cardiac conduction tissue formation [33] . Moreover, shear stress is found to govern the conduction velocity distribution of action potentials within the myocardium [27] . It is important to note that changes in the conduction properties of the embryonic heart will also affect the intracardial shear stresses, pressures and patterns of cyclic strains.
The cyclic stresses and strains of the cardiomyocytes can also help shape the overall architecture of the trabeculated ventricle. The dynamics of these strains depend upon the intracardial fluid dynamics. For example, greater resistant to flow will induce larger cyclic stresses and possibly reduced cyclic strains. It is known that cyclic strains initiate myogenesis in the cellular components of primitive trabeculae. [10] Since trabeculation first occurs near peak stress sites in the ventricle, altering blood flow may directly produce structural and morphological abnormalities in cardiogenesis. Previous work focusing on hemodynamic unloading in an embryonic heart has resulted in disorganized trabeculation and arrested growth of trabeculae [29, 25, 1] . On the other hand, embryos with a hypertrabeculated ventricle also experience impaired cardiac function. [25] The exact mechanisms of mechanotransduction are not yet clearly understood [37] . Mechanically sensitive biochemical signals are thought to be propagated throughout a pipeline of epigenetic signaling mechanisms, which may lead to regulation of gene expression, cellular differentiation, proliferation, and migration [7] . In vitro studies have discovered that endothelial cells can detect shear stresses as low as 1 dyn/cm 2 [17] resulting in up or down regulation of gene expressions. Embryonic zebrafish hearts beyond 36 hpf are known to undergo shear stresses on the order of ∼ 8 − 15 dyn/cm 2 , and such magnitudes of shear stress can cause cytoskeletal rearrangement [17] . Mapping out the connection between fluid dynamics, the resulting forces, and the mechanical regulation of developmental regulatory networks will be critical for a global understanding of the process of heart development.
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